The interspecific relationships between egg size and body size in butterflies (Papilionoidea and Hesperiidae), and between size and egg and larval development time, larval trophic specificity, foodplant structure, climate, and phenology were investigated based on a sample of more than 1180 species. The independent contrasts method was used to avoid taxonomydependent results. Egg size is allometrically related to adult wing length by a slope of 0.43. Based on a subset of species, fecundity is correlated to adult body size, and there is evidence for a compromise between egg number and egg size (relative to adult size) across species. Butterfly size increases in correlation to the mean annual temperature of the species geographic range, but decreases in relation to increased aridity (or the length of the dry season). Larger butterflies tend to have longer larval development times, use large or structurally complex host plants, and are more likely to lay their eggs in batches, irrespective of climate. Larger eggs tend to develop more slowly, and give rise to larvae with longer developmental periods that will result in larger adults. No evidence was found to support a relationship between butterfly body size and polyphagy. A complex pattern of interrelationships links body size (and egg size) to other traits, although correlations other than that between egg size and body size are generally low. The results suggest the necessity of separating climate and seasonality into components that are relevant to insect life histories in comparative studies.
INTRODUCTION
As holometabolous insects, butterflies (superfamilies Papilionoidea and Hesperioidea) do not grow further once they reach adulthood. Oviposition may follow different temporal patterns (Boggs, 1986) , but occurs as a single event in a female's lifetime. With few exceptions such as the genus Heliconius , nectar and protein-poor fluids constitute the basic adult diet. Even when materials transferred by the male during copulation may contribute to egg production (as described from some polyandric species: Boggs & Gilbert, 1979; Wiklund et al., 1993) , a large proportion of the material invested into eggs must derive primarily from the reserves gathered during the larval stage (Wickman & Karlsson, 1989; Karlsson & Wickman, 1990) . These reserves are thus fixed at the moment of adult eclosion, and must be converted into eggs that are tightly packed in the female's abdomen. All these circumstances suggest a strong physical interdependence between female body size, the amount of material available for egg yolk, and the number of eggs produced. Evolutionary change in one of the traits should cause relatively rapid reciprocal adjustment of the others. This makes these organisms valuable tools for the study of the relationship between body size, and egg size and number within an adaptationist program.
The two extremes of the butterfly 'size cycle' (adult and egg size) vary considerably (e.g. Labine, 1968; Hawkins & Lawton, 1995; García-Barros & Munguira, 1997) . Evolutionary relationships with environmental variables have been the subject of study in recent years. Most studies have focused on intraspecific relations between key life history traits, or between these and environmental variables. In contrast, comparative research on butterfly size at the interspecific level has been carried out for little more than a decade. The processes involved in the evolution of size within and among species may share similar backgrounds but, as pointed out by SchmidtNielsen (1984) , constraints can be overcome with novel designs, which may involve more or less profound allometric changes. Such evolutionary shifts are more likely to be found at taxonomic levels higher than the species boundaries.
The results of prior comparative interspecific studies conducted to determine possible ecological and evolutionary correlates of egg and adult body size of butterflies are summarized in Table 1 . Egg size is generally strongly related to body size (although not in all taxa) and proximate factors that influence survival or performance of immature stages (e.g. hibernation in the egg stage, physical characteristics of the larval foodplants). In the case of satyrine nymphalids, there is also a correlation T 1. Summary of the evidence for interspecific relationships between size (egg and adult) and proposed explanatory variables for butterflies (Papilionoidea and Hesperioidea) . Size estimates: L, linear; V, volume; W, weight. Direction of the relationship (e.g., correlation):
+, positive; −, negative; n.s., not significant. References: 1, Wiklund & Karlsson, 1984; 2, Nakasuji, 1987; 3, Wiklund, Karlsson & Forsberg, 1987; 4, Reavey, 1992; 5, Barlow, 1994; 6, García-Barros, 1994; 7, Hawkins & Lawton, 1995; 8, García-Barros & Munguira, 1997 . Notes: (a) probably positive relationship, but non-linear; (b) based on a posteriori interpretation of outliers from regression; (c) relationship significant when species means used, implying that it is probably due to taxonomic effects between latitude and egg size, which has been explained by adverse weather constraining increases in fecundity that could otherwise be achieved by reducing egg size (Wiklund et al., 1987; García-Barros, 1994) . There is some evidence of an inverse relationship between adult body size and latitude (the converse of Bergmann's Rule: Barlow, 1994) , which is consistent with results from other Lepidoptera (Wasserman & Mitter, 1978) . However, Hawkins & Lawton (1995) found that the results are not consistent among different geographical regions. In temperate species, body size may be related to the structure of the host plant. It is obvious from Table 1 that most of the relationships have been assessed from small sets of species exhibiting a strong geographical bias, using different methods and size estimates (e.g. length, volume, weight), often with no control for the taxonomic effects of 'phylogenetic inertia' (Felsenstein, 1985) . In spite of this, considerable published information on butterfly life histories is available and can be used in comparative studies if a degree of measurement error in the data is admitted.
This study aimed to identify general patterns in the relationships between egg size and adult body size, and overall relationships between size and environmental and life history variables in butterflies. The objective was to identify general trends that could be of use in further research in this, and related, insect groups, rather than to test specific hypotheses. To do this, a number of variables was selected according to factors that have been claimed to be significant in the evolution of insect size, or more specifically, butterfly size. These were reassessed using a comparative method that took effects of shared ancestry into account. The variables considered were constrained by the limitations of data collection and the recording procedures employed, which required some degree of simplification in order to cover as many species as possible.
DATA SOURCES
An effort was made to consider as taxonomically and geographically varied a selection of species as possible. The availability of sources was the main limiting factor. For inclusion in the study, it had to be possible to estimate egg size in a species. This proved feasible for 1183 species, data on which were compiled from 301 published references, and a further 40 species reported in unpublished sources. Related life history and geographical data (described below) were commonly extracted from life history reports containing descriptions of eggs, but were complemented by information from additional literature wherever possible. For the sake of brevity, not all data or references are presented here, although a summary of the egg and adult size estimates at the genus level appears in Appendix 1. A more detailed account is presented elsewhere (García-Barros, 2000) . Some of the published studies are remarkable due to the large number of egg descriptions included (about 80% of the descriptions of species were obtained from a mere 25 articles or books). The relevant literature concerning the Holarctic is cited in García- Barros & Munguira (1997) . Complementing this, and with information from other faunal regions, are the publications of Van Someren & Van Someren (1926) , Van Son (1955 , 1963 , 1979 , Beebe et al. (1960) , Clark & Dickson (1971 ), Pennington (1978 , Brown (1981) , Kitching (1985) , Nakasuji (1987 ), Henning (1989 ), Häuser et al. (1993 , Brown & Freitas (1994) , Pringle et al. (1994) , Hesselbarth et al. (1995) , Igarashi & Fukuda (1997), and Teshirogi (1997) . Important complementary sources (e.g. those providing additional information on adult size, geographic distribution, foodplants and other life history details) include Hayward (1964 Hayward ( -1967 , Smart (1975) , Corbet & Pendlebury (1992) , D'Abrera (1981 D'Abrera ( -1995 , Common & Waterhouse (1981) , Ackery & VaneWright (1984) , Collins & Morris (1985) , ), De La Maza (1987 ), De Vries (1987 , Kielland (1990 ), Fiedler (1991 ), Larsen (1996 , Bink (1992) , Pringle et al. (1994) , Smith et al. (1994 ), Neild (1996 , Tennent (1996) , Tolman & Lewington (1997), and Tuzov et al. (1997) .
VARIABLES
The variables were chosen primarily to test some of the relationships summarized in Table 1 . Besides adult and egg size, these had to represent larval host plant specificity and structure, butterfly phenology, development time and latitude. Latitude has often been invoked as a potential correlate of insect size. This is because of the correlation between geographic latitude and some parameters of climate with a strong potential weight on life-history evolution, such as temperature, or the length of the growth season (see Nylin & Svärd, 1991) . Even for a reputedly well known insect group such as the butterflies, geographic distributions cannot be drawn with much accuracy at a world-wide level. Recent approaches to the relationship between butterfly size and climate had thus to be based on relatively broad estimates of latitude (Barlow, 1994; Hawkins & Lawton, 1995) . Based on the same faunistic information, temperature and water availability can be estimated with a degree of accuracy comparable to that of latitude. Since these variables determine the period available for growth (e.g. Schultz, 1995) , using them has the advantage of providing more explicit tests for the evolutionary relevance of climate. With this purpose, estimates of mean temperature and aridity were included. Since butterflies may lay their eggs singly or in batches, a further variable (clutch size) was considered that took possible life history correlates of egg clustering into account.
Sixteen variables were tested. Variables 1-10 and 16 were continuous, and variables 11-15 were categorical. Absence of information, and unreliable or conflicting data were coded as missing. The comparative method used (described below) is especially well-suited to the study of quantitative continuous traits such as size. Due to the limits imposed by the nature of the data, two of the traits were coded in two different ways and tested separately (variables 3 and 4, and 7 and 8). Two qualitative variables (14 and 15) were designed to test special cases of three others (7-9). These procedures indicated whether there was any subjectivity in the scales used, and gave a perspective on the precise meaning of correlations based on approximate measurements. Except where otherwise stated, median values were calculated for quantitative variables when two or more sources of data were found.
Egg size
Egg size (mm) was estimated as the cubic root of the volume of a regular, prolate, ellipsoid according to the formula:
, where d=egg diameter, and h=egg length. The regular ellipsoid is a shape that has frequently been used to estimate insect egg volumes (e.g. Price, 1974; Nakasuji, 1987; Blackburn, 1991b) , and allows reasonable estimates of the volume of eggs with round profiles to be made. The error is larger for other egg shapes but this is ameliorated by the cube root transformation. This had the additional advantage of producing a linear estimate based on the two egg parameters (length and width) most frequently used in descriptions of butterfly eggs. Scale figures of the eggs were used to estimate egg dimensions where possible when no explicit measurements were available. There were a few instances in which egg diameter alone was recorded but where the shape was described as 'spherical', or 'subspherical'. In these cases, length and width were assumed to be equal when this was deemed justified from descriptions of the most closely related species.
Adult size
Adult size was estimated as the median of male and female forewing lengths, in order to overcome problems caused by unknown patterns of variation in sexual dimorphism for size. Wing lengths were measured from the point of insertion in the body to the wing apex. Detailed statistics of butterfly wing lengths are infrequent in the literature, so most estimates were based on ranges, or measured from plates representing life-sized individuals. Sources with the closest geographical association with the egg and life history reports were given preference (including unpublished data provided by authors of the life history reports, or collection data, where available). The plates in the volumes by D'Abrera (1980 D'Abrera ( -1995 were used by default.
& 4. Polyphagy
The information on the number and identity of larval hosts used by butterfly species is likely to be biased with respect to taxa and geographic areas. In an attempt to reduce such heterogeneity in the data, genera rather than species of foodplants were considered, even though this probably gives results of lower resolution. The degree of polyphagy was coded in two different ways: the number of foodplant genera recorded for each butterfly species (3), and a taxonomy-based index (4) similar to those adopted by Fiedler (1991) and Loder et al. (1998) , with five categories: (1) one plant genus: (2) one plant family; (3) one plant order; (4) one plant subclass; (5) feeding on plants from more than one subclass (plant taxonomy according to Mabberley, 1997) . The two indices of polyphagy were correlated across species (r= 0.53, P<0.0001, n=1065) .
Mean temperature
The mean temperatures of the species' geographic distributions were estimated by superposition of approximate distribution maps (derived from the pertinent literature) on broad-scale temperature maps (Blüthgen, 1966 , was used as primary reference). Five broad temperature 'bands' were set on the basis of annual 5°C isotherms: Ζ5°C, 6-10°C, 11-15°C, 16-20°C, and [21°C. The midpoints of these ranges (i.e. 3, 8, 13, 18, 23°C) were used as mean temperatures for the species occurring in the respective temperature zones. The median between the two extreme values were assigned to species spread throughout two or more of the bands. Further subdivision of the temperature ranges could have been attempted with some degree of confidence for areas such as Europe, North America and-to some extent-Australia (following e.g. Common & Waterhouse, 1981 , or Tolman, 1997 , but this proved impractical because of the difficulties of determining with accuracy the ranges of most tropical species. This may cause a loss of resolution in the results, especially in the upper temperature range. Species restricted to narrow mountain ranges were carefully considered, since local climatic conditions cannot be derived from broad-scale maps. When detailed geographic information was accessible from additional sources, the data were corrected accordingly. If this was not the case, but at least the elevation at which the species occurs was known, estimates were corrected on the basis of a decrease of 5°C per 1000 m elevation (mean surface temperatures are known to decrease by 0.5 to 0.7°C per 100 m elevation: Margalef, 1980) . Whenever a reasonable doubt arose, this variable was coded as missing.
Aridity
This variable was intended to categorize the amount of water stress that an environment is likely to experience during the period when temperatures are adequate for growth and reproduction. Four classes were designated, based on a simplification of the climate types of Köppen-Geiger-Pohl (Strahler & Strahler, 1987; de Blij, 1995) : (1) no dry season; (2) dry season of at least 1 month, but high total water influx; (3) semiarid, or temperate with a dry summer; (4) arid (desert and semidesert). The species were scored according to the value (1-4) that characterized their geographic distribution, or as the median between the extreme values (when two or more aridity zones were intercepted by the species range). The classes 1 to 4 respectively correspond to Köppen clymate subtypes (A f +D+C f +E), (A w +B s ), (C s +C w ), and (B w ). There was a small but significant correlation between species values for temperature and aridity (r=0.06, P=0.027, 1163 species). Treating this variable as a continuous character was practical because of the features of the comparative method applied in this work (described below). The transition 1-2-3-4 is to a reasonable extent justified in terms of water stress, in spite of the fact that the character is actually measured in a qualitative way.
& 8. Seasonal patterns of butterflies
Seasonal patterns of activity were classified in two ways. First, the degree of voltinism (7), an index that summarizes the number of generations per year: 0.5, biennial; 1, strictly monovoltine; 2, two broods per year; 3, three or more broods, but no adult activity during one part of the year; 4, three or more generations, adults present and active all year round. The second measure of seasonal pattern (8) was that of adult time window, which is the proportion of months per year when adults are reported to be on the wing.
Duration of egg stage
This variable represents the number of days spent in the egg stage. Species in which the eggs of successive generations may hibernate or develop directly were coded as missing. Interpretation of any results where this variable is involved should be cautious because the conditions in which the length of egg development was measured varied widely from one species to another. When egg diapause is present, the time spent in this developmental stage is only loosely equivalent to the length of embryonic development. The mean egg development time is 22.2 days (SD= 54.4, 765 species), with modal duration between 4 and 10 days. Egg diapause is not exceptional among butterflies and occurs in about 6% of the species sampled, which are concentrated in few taxa such as some genera within the tribes Theclini and Eumaeini (Lycaenidae), or Parnassiini (Papilionidae). Because the Phylogenetically Independent Contrasts method applied uses values calculated at the nodes of the taxonomy, the possible bias caused by the presence of egg diapause will not be strong. Anyway, one further variable (variable 14) was added specifically to test the relationship between size and egg hibernation or aestivation.
Duration of larval development
This variable represents the number of days spent as a larva. In cases where larval development varied within very broad limits (e.g. when some larvae hibernate while others develop directly), the shortest duration was used. Larval development typically lasts for 15-40 days in most butterflies, but can be considerably longer (for the species prospected, mean=94.9, SD=119.4, n=665; for the subset of species whose larvae develop directly, mean=38.4, SD=23.8, n=526). The time spent as a larva is actually a composite variable that results from the presence or absence of larval diapause, the duration of the adverse period, and growth rate. For species that present obligatory larval hibernation or aestivation, this variable overestimates the real growth period (since the shortest value was adopted where larval development is variable, the problem is restricted to data from species that show only one generation per year, or less). While, as for the former variable, some caution is required for interpretation, these problems should be controlled by incorporating the variables intended to describe climate, phenology, and voltinism (variables 5-8 and 14-15).
Foodplant structure
Three categories were considered, based on a gradient of structural complexity and spatial predictability: (1) trees (woody, trunk well-developed); (2) intermediate (bushes, woody vines, semi-woody monocotyledons); (3) herbs. Classification of the plants into the three types depended primarily on the descriptions found in the life history reports, but otherwise Hutchinson (1964 Hutchinson ( -1967 was used as a general reference.
Monocotyledonous or dicotyledonous larval foodplant
Species whose larvae feed on dicots or monocots were coded 0 and 1, respectively. Larvae known to use both kinds of plants as hosts, or to feed on other kinds of materials such as lichens, ferns, or other insects, were coded as missing.
Eggs laid in clusters
Three patterns were designated, based on the number of eggs laid by the female in an oviposition event: (1) eggs laid singly; (2) small batches of up to 20 eggs, never laid singly; (3) large egg batches laid.
Hibernation or aestivation in the egg stage
This represents an extreme case of variable 9, and applies to instances where the egg remains inactive for long periods of time ([2 months). It was coded dichotomously (0, absent; 1, present).
Strict monovoltinism
Strictly monovoltine species produce one brood per year, representing a single generation. Monovoltinism is generally confined to temperate, markedly seasonal climates, and can usually be easily identified from published information. It provides an explicit test for the relationship between size and one extreme in the range of phenological patterns exhibited by butterflies. The variable was dichotomous (one versus more than one generation per year). Species showing variation (e.g. latitudinal shifts between one and more generations per year) had to be coded as missing because, at the level of resolution adopted, they share the two possible states of the character analysed. For the purposes of this study, a few biennial species such as some subarctic or alpine satyrine Nymphalids (Oeneis, Erebia), or Australian Hesperiidae from arid zones (Antipodia, e.g. Atkins, 1984) were classified as monovoltine.
Potential fecundity
Although the tradeoff between egg size and egg number is explicitly or implicitly considered in most comparative approaches, there is no evidence for its existence in butterflies at the interspecific level. Fecundity data are available for a limited number of species. These are usually in the form of laboratory counts that are made under very varied conditions (different temperature or photoperiod regimes, seminatural conditions). Data of this kind were abstracted for those species whose egg sizes were known. This allowed relationships between egg size, body size, and egg number to be tested. The small sample sizes prevented correlations between fecundity and the remaining variables being sought. The data are summarized in Table 2 .
COMPARATIVE METHOD
The method of Phylogenetically Independent Contrasts was used to obtain results independent of shared ancestry (Harvey & Pagel, 1991; Harvey & Keymer, 1991; Brooks & McLennan, 1991; Starck, 1998) . The data matrix was analysed using the CAIC program (Purvis & Rambaut, 1994 ) to obtain standardized contrasts (differences) at the taxonomic nodes (see below). Details of the method can be found in Harvey & Purvis (1991) , Martins & Garland (1991) , Garland et al. (1992) and Purvis & Rambaut (1995) . Branch lengths were all set to a value of 2, an option justified under the assumption of punctuated evolution, although in fact this decision relied entirely on two practical criteria: the absence of estimates of evolutionary distances for the data set, and the facilitation of repeatability of the analyses in future reassessments.
The combined characteristics of the data matrix and the CAIC program gave rise to four problems that required the sets of contrasts to be replicated in subsequent analyses (>30 runs of the program were necessary). First, CAIC cannot deal with more than one categorical variable at a time, and thus different matrices of contrasts had to be obtained to assess the relationships between each non-continuous variable and the quantitative variables. Second, the value and sign of a contrast depend on the test variable used, and so a different set of contrasts had to be calculated for each test variable. Third, the number of missing values in the original data varied greatly, between 0%, for egg and adult sizes, to almost 60%, for the duration of T 2. Potential fecundity (FEC), and estimates of egg size (ES, mm) and adult size (AS, mm). Estimates of fecundity were taken from the following sources: 1, Richards (1949); 2, Magnus (1958); 3, Teotia & Nand (1966); 4, Höeg-Guldberg & Jarvis (1970); 5, Young (1972); 6, Martín Cano (1976); 7, Dunlap-Pianka et al. (1977); 8, Nakasuji (1978) ; 9, Wiklund & Persson (1983) ; 10, Karlsson & Wiklund (1984); 11, García-Barros (1987); 12, Shapiro (1987) Brakefield & Kesbeke (1995) ; 23, García-Barros, unpublished (data from at least 5 females). With few exceptions, the egg and adult sizes (see methods) may come from sources other than data on the mean number of eggs laid. The taxonomic arrangement for this subset of species, in parenthetical notation, is: (1, ((2, (3, 4) , (((5, 6 ), (7, 8)), 9), (10, 11, 12, 13)), ((14, 15) , (16, (17, 18) )), ((((19, 20) , (21, 22)), (23, (24, 25) ), 26, (27, 28), (((29, (30, 31, 32) , 33), ((34, 35, 36, 37) , 38)), (39, 40, (41, (42, ((43, 44) , (45, 46))))), 47)), (48, (49, ((50, 51) , 52)))))) the larval stage. CAIC proceeds in a list-wise fashion, so that the greater the number of variables processed simultaneously, the lower the number of contrasts obtained. In order to optimize the potential explanatory power of each variable, three series of contrasts based on three combinations of variables were calculated: 496 contrasts (including variables 1-6), 456 contrasts (variables 1-11), and 310 contrasts (variables 1-13). The contrasts originating from the three series were not comparable: even for the same node, a contrast may be derived from different subsets of subtaxa joining at that node. Finally, categorical variables cannot be processed together, unless all but one of them are treated as continuous. Such relationships were not tested to avoid spurious results. These methodological problems constrained the possibilities of applying complex multivariate statistical methods.
STATISTICAL ANALYSIS
Variables 1-10 and 16 were logarithmically transformed before calculating the contrasts (except for variable 6, which was arcsin-transformed). The relationships between sets of independent contrasts from these variables were assessed by regression forced through the origin (Gittleman & Luh, 1994; Purvis & Rambaut, 1995) .
Stepwise multiple regressions were carried out on six non comparable sets of contrasts. These were obtained from three runs of CAIC, one for each of the three combinations of variables (1-6, 1-11, and 1-13, as detailed above) with egg size set as the independent one, and three further runs using adult size as the independent variable. To control for the effect of adult size in regressions of egg size contrasts on other variables, the residuals from the regression of both traits on adult size were used.
When categorical variables are involved, these are set as the independent (test) variable, and contrasts are calculated only at the nodes where shifts in the test variable occur. All contrasts for the test variable are positive integers (+1 for a binary variable), while those for the dependent variables may take any positive or negative value. The appropriate test for a significant relationship between the qualitative and quantitative (dependent) variables requires determining whether or not the shifts in the former predominantly correspond to positive or negative contrasts of the test variable. In other words, the mean value of the contrasts of the dependent variable should be significantly larger, or smaller, than 0. The relationships between categorical variables 11-15 and the continuous ones were thus assessed with onetailed t-tests (Purvis & Rambaut, 1994) .
Because of the potential interdependence among several of the variables selected, some control for co-linear effects in correlations was desirable. For the numerical variables, the matrix of partial correlations was calculated as a final step. The smallest set of contrasts had to be used for that purpose, since this was the only way to obtain fully comparable contrasts for the 13 variables. Unfortunately, no combined test (similar to multifactor ANOVA) could be applied to the qualitative variables. As described above, these had to be processed in different runs of the program CAIC. The shifts between states of the different variables were located at different nodes of the taxonomy. As a result, very few of the contrasts obtained in the analyses of qualitative factors were comparable.
BUTTERFLY TAXONOMY
It was not possible to obtain a fully resolved, objective phylogeny of the species used in this study. A tree was derived from available phylogenetic studies and traditional taxonomy, applying the following four criteria. Firstly, published phylogenetic approaches for taxa were given priority over intuitive taxonomies. Secondly, as many species data points as possible were included. This probably resulted in a loss of phylogenetic resolution when a species in the data set was not included in an existing phylogenetic study. Thirdly, in the case of conflicting phylogenetic approaches, a strict consensus was adopted. Consensus trees do not represent phylogenetic hypotheses, but the possible error introduced was assumed to be low, given the high number of polytomies. Finally, informal groups such as those of genera within a tribe or subtribe, or groups of species within a subgenus, were adopted only for taxa that yielded unresolved polytomies of more than 10 subtaxa. The degree of resolution of the derived taxonomic tree was approximately 40%. At most, 20% of the nodes were derived from phylogenetic research, but this figure is probably inflated because some of the taxa used as operative taxonomic units in phylogenetic studies may ultimately prove not to be monophyletic.
The highest structural levels (down to subfamily) follow the majority rule consensus tree of De Jong et al. (1996) . Within subfamilies, the arrangement was based on Bridges (1994) for the Hesperiidae, Miller (1987 , 1988 , Saigusa et al. (1982) , and Collins & Morris (1985, and other sources therein) for Papilionidae, and Fiedler (1991) for Lycaenidae. Riodininae were ordered following a provisional consensus presented by DeVries (1997) . Nymphalid subfamilies were arranged after Harvey (1991) but, where pertinent, cladograms from Brown (1981) , Ackery & Vane-Wright (1984) , Kitching (1985) , Pierre (1987) , Vane-Wright et al. (1992) , Brown et al. (1994) and Brower (1997) , were adopted. Additional branching patterns concerning genera, or species within genera of several families, were incorporated from Geiger (1986), Friedlander (1987) , Henning (1989) , Mensi et al. (1990) , García-Barros (1991), Sperling (1993), and Lattes et al. (1995) .
RESULTS

General description of the data
While the subsequent account is based on independent contrasts, a few points of descriptive interest may be drawn from the species means. Taxonomic and geographic biases certainly occurred in the selection of species. For instance, data from the family Lycaenidae (25% of the data set) were scarcer than expected, and the neotropical fauna (22% of species in the study) was obviously under-represented (cf. Heppner, 1991) . The data collected may be valid for general purposes, however. For example, about 64% of the species inhabit subtropical or tropical areas. There was a ten-fold variation in both adult wing length (8-100 mm), and egg size estimates (0.23-2.74 mm), encompassing a 1500-fold range of volumes. Both estimates of size were approximately log-normally distributed (Figs 1, 2) . On the basis of the raw values for species (transformed to decimal logarithms), egg size was significantly correlated with adult size (r=0. 71, P<0.0001, n=1183) , and the least squares regression line relating them was log(egg size)= −1.04+0.622×log(adult size) (Fig.  3) .
Relationship between potential fecundity, egg size, and adult size
Based on the 39 contrasts derived from the data given in 
Relationship between egg and adult body sizes
The correlation between egg and adult size contrasts was positive, r=0.40, P<0.0001, 519 contrasts; regression equation: egg size=0.437 (adult size). The 95% confidence interval for the slope was 0.389-0.582. Contrasts were much more dispersed than the original size values (cf. Fig. 5 ). 
Relationship between egg and adult sizes, and life-history or environmental variables
Positive correlations between egg size and the number of foodplant genera, and the duration of the egg and larval stages were discovered (Table 3) . Statistically significant relationships were also found between adult size and the two climate Controlling for the effect of adult size (using the residuals from regressions of all other variables on adult size) revealed a positive, significant relationship between egg size and the duration of the larval stage, and negative relationships between egg size and both foodplant structure and egg clustering (Table 3 ). The correlations between egg and adult size and the remaining variables remained almost unchanged after taking into account the possible effects of temperature and aridity (results not shown).
The results of stepwise multiple regressions for the two size variables are given in Table 4 . Variables other than adult size (for egg size) or egg size (for adult size) displayed relatively small additional explanatory power. The variables selected in the final model illustrate the different nature of the set of variables related to egg and adult size.
Correlations between life history variables other than size
A number of relationships between the test variables (climate and life history features other than size) were discovered (Table 5) . Some of the significant results were expected, such as the positive correlations between the pattern of voltinism (or adult time window) and temperature, the negative correlation between the duration of the immature (egg, larva) stages and temperature (or factors related to climate, T 5. Relationships between variables 4-11, and 13 (independent contrasts). The figures are correlation coefficients (r) or one-tailed t-tests, as in Table 2 .
n, number of pairs of contrasts available for the two variables; n.s., not significant; such as voltinism). Others were unexpected, for instance, foodplant structure becomes progressively more complex (herb to shrub to tree) along the temperature gradient. Finally, trophic specialization showed interesting correlations with the duration of the larval stage, and with the adult time window (more polyphagous species tend to have more rapid larval development, and perhaps are more polyphagous where the adult flight period is longer), but these relationships were diluted when the partial correlations were calculated (Table 6 ).
DISCUSSION
The correlations based on independent contrasts were generally characterized by low values. It is not possible to discern the effects of incorrect phylogenetic hypotheses, errors due to the lack of reliable estimates of evolutionary distances, or those attributable to inaccurate measurement. On similar grounds, intraspecific variation, as well as errors attributable to combining specific data taken from unrelated sources, are disregarded in this kind of approach. The potential explanatory power of some variables may have been underestimated. For example, the variables intended to measure temperature and aridity were coded in a single linear way, thereby making it impossible to consider combinations of states that might have yielded more specific conclusions upon more detailed examination. Alternative ways of coding climate types, together with a fully qualitative treatment, may provide further insights that have not been tested in the present approach. In spite of these problems, a number of conclusions of general interest may be drawn from these results.
Egg size, adult size, number of eggs and allometry
A compromise between egg size and egg number is frequently assumed in evolutionary work where fecundity, or related traits, are involved (e.g. Smith & Fretwell, 1974) . If this tradeoff is important then it should be evident from interspecific comparisons. Nevertheless, documented examples in insects are scarce (Price, 1974; Llewelyn & Brown, 1985) . Blackburn (1991b) recently provided the first evidence for this kind of compromise across species, using a comparative framework that controlled for taxonomic effects.
The current results suggest that evolutionary changes favouring increased egg size act as a constraint on fecundity and vice versa. Furthermore, there is a significant positive relation between adult size and fecundity. Within species, similar relationships have often been reported in butterflies (Blau, 1981; Karlsson & Wickman, 1990; Banno, 1990; Braby & Jones, 1995) , other Lepidoptera (Smith, 1986; Tammaru et al., 1996) and species of other insect orders (Masaki, 1967; Blanckenhorn, 1994) , although the trend in these latter is not universal (Klingenberg & Spence, 1997, and references therein). The pattern exhibited by Papilionoidea and Hesperiidae contrasts with that of parasitic Hymenoptera, in which adult size and fecundity are unrelated (Blackburn, 1991a) . On this basis, butterfly fecundity may be considered as being directly related to the relative sizes of the egg and the adult insect. It may otherwise simply be a function of adult body size since, as discussed below, egg size is related to adult size by negative allometry. This requires that the reserves available for egg production scale allometrically to body size, with a slope at least as steep as that relating egg size to adult body size. Unfortunately, potential fecundity, egg size, and adult size could be estimated only in a small number of species. Whether the pattern is a general trend in these insects requires that fecundity and egg size be investigated in a substantial number of butterfly species. The overall allometric trend relating egg size to adult body size in butterflies is confirmed on a worldwide basis. Of the variables studied, these two exhibit the highest degree of interdependence. The slope of the line relating egg and adult size (0.43) falls well below 1.0 (negative allometry), and is very similar to that derived from a selection of temperate butterflies (0.45, using similar assumptions of branch lengths; García-Barros & Munguira, 1997). Although both approaches appear to be consistent, it is difficult to predict the meaning of the allometric pattern in terms of body weight. The ratio of body weight to forewing length is likely to vary considerably in butterflies. Miller (1977 Miller ( , 1997 has suggested that such variation may have a taxonomic component in other Lepidoptera, since conservatism in the body design of some taxa is intuitively obvious. However, this pattern of variation is probably superimposed on another resulting from selection on life history characters, such as flight ability or mate locating behaviour (Marden & Chai, 1991; Wickman, 1992) . Comparable weight and size heterogeneity may affect the egg stage, and hence the estimated value of the allometric slope should be regarded with caution.
Non-directional methods, such as regression of independent contrasts, identify correlations, not patterns of causation (Harvey & Purvis, 1991; Nylin & Wedell, 1994) . In allometric studies, eggs are generally viewed as parts of the adult female organism. This is strictly true from an ontogenetic point of view, but eggs may also be regarded as individuals in their own right. Thus, it is correct to claim that the evolution of adult butterfly size is partially determined by an allometric trend relating adult size to egg size evolution. The size of newly hatched larvae should generally be correlated with egg size (Reavey, 1992) , and thus evolutionary shifts in egg size may, if adult size is kept constant, modify larval development time or the number of larval instars (as suggested by Chew & Robbins, 1984, and Wickman et al., 1990) . Selection for egg size may be expensive in terms of other life history parameters because, as a consequence of the allometry between egg and adult size, changes in the former should correspond to proportionally large shifts in adult butterfly size. This may explain the significant correlation between egg size and larval development time, that holds even when adult size and climate are factored out: the distance between newly hatched and full grown larvae increases, on average, as egg and body size do.
Butterfly size, climate and phenology
Animal body size has often been related to latitude (e.g. Lawton, 1991). Although size and latitude are correlated in European ants (Cushman et al., 1993) , the converse of Bergmann's rule (body size increasing as latitude decreases) seems to apply in several insect taxa (May, 1978; Hawkins, 1995) , including African and Australian butterflies (Barlow, 1994) . However, Hawkins & Lawton (1995) found inconsistencies in the patterns of size distribution of butterflies from different faunal regions. They argued that the observed patterns could be the product of historical patterns of speciation. Latitude is believed to be relevant to life history evolution because of its correlation with important environmental variables that are related to climate (season length, temperature, the amplitude and predictability of changes; see Nylin & Svärd, 1991) . From this perspective, the results of the current study are complementary to those of Barlow (1994) and Hawkins & Lawton (1995) . Even if the sample of species examined is comparatively small, it contains geographically, taxonomically and ecologically varied butterfly species, and taxonomic effects have ruled out as far as the limits of current information allow. They show that mean temperature, a correlate of latitude, is generally related to body size. The effect of 'aridity' gives rise to a novel perspective based on factors such as water availability which (directly or indirectly) limits adult nectaring, foodplant growth, quality and abundance, and the importance of a dry season (which relates phenology with seasonality) (Wolda, 1988) . These represent potentially important constraints on insect size (Dennis, 1993b), and their effects on similar organisms, as well as new tests based in more refined estimates, may be of interest.
Patterns in butterfly phenology revealed the expected relationships with climate (more broods per year, and a longer adult time window), and these seem to be parallelled by that between phenology and adult size. However, the absence of a significant relationship between adult size and strict monovoltinism suggests that the patterns are not simple. The correlation between size and larval development time (as stated above, probably a collateral effect of the negative egg to body size allometry), provides an explanation for the relationship between large adult sizes and warm climate. Climate may act upon the amount of growth that can be achieved in one season, rather than on size itself. As adult size increases, so does the difference between newly born and full grown larval weights, which means higher comparative costs (in terms of development time and associated risks) for larger species, in cool temperature areas (as argued by Barlow, 1994) . Large body size would still be compensated by enhanced potential fecundity, and thereby the dilemma: larger eggs, or higher fecundity? should be more likely to result in deviations from the common trends where the environment constrains realized fecundity, or makes prolonged growth ecologically or physiologically expensive (cf. Wiklund et al., 1987; García-Barros, 1994) .
Size, trophic specificity and host plant characteristics
A trend towards higher polyphagy in larger Lepidoptera has been documented for several taxa from temperate regions (Wasserman & Mitter, 1978; Niemelä et al., 1981; Reavey, 1993; Inkinen, 1994; Lindström et al., 1994) , including at least one family of Papilionoidea (Scriber, 1973) . Based on 750 British moths, Loder et al. (1998) found the pattern to be consistent after taxonomic effects were controlled for. According to the present results, such pattern does not hold for butterflies (Papilionoidea and Hesperioidea) considered as a whole. It should be pointed out that none of the explanations proposed to account for the relationship between host specificity and lepidopteran body size enjoys solid support from the data (Loder et al., 1998) , and that most of the evidence for such relationships comes from a few lepidopteran families in cool temperate areas. The question arises as to whether the pattern would still be evident over a broader geographic scale. If it were not, this would probably help to delimit the relationship. As stated in the methods section, the present estimates of polyphagy were manipulated to compensate for unbalanced information from different regions (strictly monophagous species were not recorded as such). Since strict monophagy is the best expression of trophic specialization, reconsideration of the reciprocal effects of size and polyphagy on selected, thoroughly studied taxa may prove necessary to obtain clearer results.
The relation between size and the larval habit of feeding on monocotyledonous plants is not supported by the data. The hypothesis that species whose larvae feed on monocots develop large eggs and first instar larvae is attractive to lepidopterists, since few butterfly taxa use these plants as larval food. The relationship found is in the predicted direction, although statistically non-significant, and based on a small number of contrasts. Comparative methods such as those adopted in the present study are effective when homoplasy (e.g. convergent adaptation) is relatively frequent. Rare evolutionary events remain difficult to test statistically, irrespective of their consequences in terms of innovation or speciation (Nylin & Wedell, 1994) . Additional data from other Lepidoptera have to be added in order to test if the relationship holds under a broader taxonomic basis (as suggested by Gaston & Reavey, 1989) .
Incidentally, no trace of a significant relation between climate and trophic specificity was obtained. This agrees with the conclusions of Fiedler (1998) based on a comparison between West Palaearctic and South Asian butterflies. Current evidence thus contradicts the contention that tropical butterflies are more specialized than those from temperate areas, which is to be taken into account in relation to the hypothesized explanation of high diversity of phytophagous insects in the tropics as a result of feeding specificity. Recent work ( Janz & Nylin, 1998) supports the idea that comparatively lower specificity may characterize tree-feeding butterfly taxa, compared to herb-feeding ones. The present results indicate an association between large body size and large, or more complex, foodplants. If butterflies from tropical areas use woody plants as larval food more often than temperate species do, a lower foodplant specificity characterizing tropical butterflies should be predicted. No evidence for this was obtained in this study, however, but a proper test using information from plant taxonomic and structural diversity would be necessary to contrast the results.
Among the correlations relating foodplant specificity to other traits, two negative associations were interesting in terms of life-history strategies. First, the one between the number of foodplant genera and egg size (more polyphagous butterflies lay smaller eggs, opposite to that estimated from samples of temperate Lepidoptera: Gaston & Reavey, 1989) . And, second, the association between specificity and larval development time (specialists require longer times than generalists to reach the final size). Taken together, they suggest an association of fast-opportunistic versus slowspecialist traits: small eggs (small size, high fecundity?), rapid growth and polyphagy, against large eggs (large size, low fecundity?), long development and sthenophagy. Attractive as this may be, the first of the two relationships did not show up when the polyphagy index was used, and the second disappeared when partial correlations were calculated.
Implications of egg clustering
Laying eggs in batches or clusters instead of singly may have important consequences for the number of eggs laid and larval survival. The results indicate general trends in this group of Lepidoptera whereby egg clustering is associated with large adult size, small egg size, and (the opposite of that proposed by Stamp, 1980) short egg development time. This implies that fecundity is probably comparatively high in species that lay groups of eggs (Courtney, 1984) . This makes sense in terms of the energy saved by spatial concentration of reproductive effort. With a few exceptions, butterflies that lay masses of eggs have gregarious larvae, or at least larvae that feed communally during the first instars (reviewed by Fitzgerald, 1993) . Hence, small egg size and rapid egg development may also have implications for sib-competition, and an increased risk of food depletion related to host plant distribution and abundance (Le Masurier, 1993) . It is therefore interesting that values of adult size, and egg size relative to adult body size, tend to be highest in the most complex foodplants. The consideration of host plant complexity in this study leaves room for speculation, and further work is required to identify which of the several plant characters involved (e.g. physical structure, size, predictability, etc.) is of prevailing importance.
CONCLUSION
While the methods adopted precluded a complete analysis of all the interrelationships among the variables, some general patterns could nevertheless be drawn for the papilionoid and hesperiid butterflies. Basically, and perhaps oversimplifying, the evolution of butterfly size may be understood in terms of economy and investment of the energy that members of a species will predictably be able to process, involving: (1) the amount of resources available per unit time, where relevant resources take the shape of food (foodplant characteristics, perhaps size or biomass per unit area), and climate (temperature and water, the latter probably with an indirect effect on size through foodplant ecology); (2) the way in which the energy invested in reproduction is shaped as egg size, egg number (fecundity, partially resulting from the negative interspecific allometry between egg size to adult size), and egg concentration in space and time (clustering).
Size is usually accepted as being a highly complex trait because of its many proximate, long term, ecological, and evolutionary implications. The same assumption may be made of any relationship concerning climate. Obviously, the degree of complication rises exponentially with the potential interrelations between these variables. Their effects on the plant hosts are also of interest. These problems are apparent in this study, although the results do serve to draw general conclusions regarding the main relationships involved.
Comparative biology is faced with a host of problems, including the diversity of comparative methodologies (e.g. Starck, 1998) , the amount and quality of the data to be analysed, and the errors arising from poor knowledge of the phylogenies and evolutionary distances. Criticism of comparative interspecific analyses based on incomplete phylogenies or taxonomies may be well-founded (Wenzel & Carpenter, 1994) , but it is clear that these problems will frequently affect reviews based on large taxa. As a kind of compensation, broad taxonomic approaches can help to delimit apparent evolutionary relationships thus benefiting subsequent research by identifying the kind of data needed, more accurately delimiting the processes implied, and indicating the taxa in which such processes may be important. 
